An outstanding problem in the study of vertebrate development is the identification of the genes that direct neural crest precursor cells to adopt and maintain specific differentiated cell fates. In an effort to identify such genes, we have carried out a mutagenesis screen in zebrafish and isolated mutants that lack neural crest-derived melanophores. In this manuscript we describe the phenotype of one such mutant, touchtone b722 (tct), and the map position of the gene it defines. Analysis of expression of dopachrome tautomerase (dct) and microphthalmia (mitfa) suggests that melanophore precursors are specified normally in homozygous tct mutants. However, differentiated melanophores are pale, small, and about half of them have disappeared by 48 h of development, apparently by cell death. We show that melanophores require Tct function cell autonomously. Signals from the receptor tyrosine kinase receptor C-kit are essential for survival of melanophores in zebrafish and mammals. However, differences in the phenotypes of tct and c-kit homozygous mutants, and an absence of interaction between c-kit and tct heterozygotes, suggest that Tct functions independently of the C-kit pathway. Other neural crest derivatives, including other pigment cell types, appear normal in tct mutants. Interestingly, tct mutant embryos undergo a temporary period of near complete paralyzis during the second day of development, although markers of axons of motor and sensory neurons look normal in this period. A fraction of tct b722 mutants survive to adulthood, but mutant adults are small, indicating a role for Tct in post-larval growth. The tct gene maps to a small interval near a telomere of chromosome 18. Thus, we have identified a zebrafish gene that when mutated produces semi-viable offspring and that may serve as a model of human diseases that have both pigmentation and neurological symptoms. q
Introduction
The melanocyte is an accessible model cell type for the study of developmental events common to most cells, including fate specification, migration, survival, and differentiation. Mouse coat color mutants have long been collected, and molecular analysis of a subset of these mutants has provided insight into many of these events (Bennett and Lamoreux, 2003) . Moreover, the large majority of mouse coat color genes either correspond directly to disease loci in humans, or serve as models for human syndromes because of similarities in mutant phenotypes (Oetting and Bennett, 2004) . Genes that regulate survival of melanocytes are of particular interest as potential therapeutic targets for malignant melanoma, a particularly lethal form of cancer that is notoriously resistant to treatment.
In recent years, forward genetic screens in zebrafish have identified more than one hundred pigmentation mutants (Driever et al., 1996; Haffter et al., 1996; Henion et al., 1996) . Although only a handful of zebrafish pigmentation mutants have been identified at the molecular level, it appears that mechanisms governing early events in melanocyte development are conserved between mammals and zebrafish. Thus, transcription factors Sox10 and Microphthalmia, and growth factor receptors C-kit and Endothelin Receptor B (Ednrb), are all required for various steps of melanocyte development in mammals Hosoda et al., 1994; Lee et al., 2003; Puffenberger et al., 1994; Reid et al., 1996; Shin et al., 1999) and of the analogous cell type, melanophores, in zebrafish (Dutton et al., 2001; Elworthy et al., 2003; Lister et al., 1999; Parichy et al., 2000; Parichy et al., 1999) .
In addition to confirming results from the mouse, experiments conducted in wild-type and mutant zebrafish embryos have also provided new insights into events of melanocyte development that were unanticipated from work in the mouse. For instance, zebrafish studies revealed unexpected roles for Delta/Notch signals in neural crest specification Eisen, 2000, 2002) , for Wnt signals in induction of melanocytes from neural crest precursors (Dorsky et al., 1998) , and for transcription factor AP-2a functions in melanocyte differentiation and migration (Holzschuh et al., 2003; Knight et al., 2004; O'Brien et al., 2004) . Therefore, phenotypic and molecular analyses of zebrafish pigment cell mutants promises to continue to be an efficient means to identify genes that regulate melanocyte development and the ways that these genes interact (Elworthy et al., 2003; Kelsh et al., 1996; O'Brien et al., 2004) .
Many zebrafish mutants that suffer death of embryonic melanophores also have widespread cell death in the eye, in the nervous system or throughout the entire body Kelsh et al., 1996) . By contrast we and others have isolated mutant alleles of touchtone (tct) that have melanophore cell death, but lack gross degeneration elsewhere in the embryo (Rawls et al., 2003) . Here we describe the phenotype of a semi-viable allele, tct b722 . Transplantation experiments indicate that Tct function is required within melanophores to support their survival. Expression analysis of genes associated with melanphore precursors indicates that Tct is not necessary to specify normal numbers of melanophore precursors, and suggest that Tct does not act upstream of mitf or c-kit expression. Interestingly, tct b722 mutants show dramatically reduced escape behavior in response to a gentle touch at 48 h postfertilization (hpf), although response is normal in mutants by 3 days post-fertilization (dpf). Finally, we report our progress toward molecular identification of the tct gene. Thus, our identification of tct allows us to define a new period in melanophore differentiation, defined by independence of C-kit function and dependence on Tct function for melanophore survival.
Results

Neural crest-derived melanophores differentiate poorly and die in tct mutants
As part of an ongoing chemical mutagenesis screen at the University of Oregon, we isolated mutants with reduced melanophores at 48 hpf. We initially referred to the gene defined by one such mutant as dalmatian, but renamed it touchtone(tct b722 ) when it failed to complement a previously isolated mutant (Rawls et al., 2003) . Homozygous tct b722 mutants can first be identified by the absence of differentiated melanophores in the head at 24 hpf, which is when they are first visible in wild-type embryos (not shown). By 28 hpf, black, dendritic melanophores are readily visible in the head and trunk of wild-type embryos. In tct b722 mutants at this stage, melanophores, while normally distributed, are small and pale, and slightly reduced in number (Fig. 1) . By contrast, the retinal pigmented epithelium, which is not derived from neural crest, appears normal at this and later stages in tct b722 mutants. At 48 hpf, melanophores are small and pale, and dramatically reduced in number (Fig. 1) . Sub-cellular deposits of melanin, the residue of dead melanophores, can be seen at this stage ( Fig. 1) . At 4 dpf, a few undermelanized, but approximately normal-sized melanophores are visible, particularly in the dorsal head and trunk, and large numbers of melanophore carcasses are evident. While pigmentation of surviving melanophores slowly recovers during larval stages, melanophore cell number does not.
In addition to melanophores, fish also contain the nonmelanized pigment cell types xanthophores, which are yellow, and iridophores, which are silver. Xanthophores are difficult to quantify, but contribute a yellow cast to the head of wild-type embryos, and are apparently normal in tct b722 mutants at 48 hpf (Fig. 1) . Iridorphores, visible in the dorsal stripe and along the hind-yolk of wild-type embryos at 3 dpf, are also present in normal numbers in tct b722 mutant embryos (not shown). Therefore, among pigment cells, we only detected requirement for Tct in melanophores.
In contrast to other alleles of tct (Paul Henion, personal communication, see also Rawls et al., 2003) , tct b722 is semiviable, meaning about 10% of homozygous mutants survive to adulthood. Mutant adults are only about one-third of normal size and have kinks in their trunks, reflecting requirement for Tct function in post-larval growth ( Fig. 1 and not shown). Interestingly, melanophores in tct b722 mutant adults appear normal in number; notably, melanophores are present in the dorsal aspect of the trunk (Fig. 1) . This subset of adult melanophores is absent from c-kit homozygous mutants (Johnson et al., 1995) . This argues against the possibility that Tct and C-kit operate in a single regulatory pathway, at least in adult melanophores (see below).
Tct is not required for specification of melanophore precursors
To help establish the timing of Tct function with respect to that of other genes involved in melanophore development, we examined expression of several such genes in tct b722 mutants. We detected no difference in expression of pan-neural crest markers foxd3 or sox10 (not shown). Microphthalmia (mitfa) is the earliest known marker of melanophores, although it is also expressed in precursors of other neural crest derivatives (Lister et al., 1999) . Mutants of mitfa lack neural crest-derived melanophores and melanophore precursors (Lister et al., 1999) . Expression of mitfa at 20 hpf was equivalent in all embryos derived from two heterozygous tct b722 parents (not shown). Moreover, mitfa was detectable in differentiated melanophores in tct b722 mutant embryos at 28 hpf (Fig. 2) . Next, we examined expression of dopachrome tautomerase (dct) (Kelsh et al., 1996) . Dct (also known as Tyrosinase related protein 2, Trp2) is an enzyme involved in melanin synthesis and a very early marker of melanoblasts, melanocyte precursors. At 24 hpf, when tct b722 mutants can first be identified, the number of dct-expressing cells in the trunk was approximately normal (Fig. 2) . Together these results suggest Tct is not required for specification of melanophore precursors.
To determine if the reduced number of melanophores in tct b722 mutants at 28 hpf was due to a failure of melanophore precursors to become melanized, we processed 28 hpf embryos to reveal dct expression (Fig. 2) . The poorly differentiated melanophores in tct b722 mutants Fig. 1 . Melanophore phenotype in tct mutants: (A,B) lateral views of (A) wild-type and (B) tct mutant embryos at 28 hpf. In mutants, neural crest-derived melanophores are small and under-pigmented, and slightly reduced in number [wt: 186^9 (average^SD), n ¼ 10; tct: 136^14, n ¼ 11; P , 10 28 ; Student's unpaired t-test]. Retinal melanophores appear normal. Insets: high magnification views of melanophores in wild-type and tct mutant. In mutants, melanophores appear smaller and less densely pigmented than normal. (C,D) Dorsal views of (C) wild-type and (D) tct mutant embryos at 48 hpf. At 48 hpf, melanophores are small and under-pigmented (arrowhead) and reduced in number by about 40% in mutants (wt: 299^6, n ¼ 10; tct: 187^7; n ¼ 10p , 10 222 ). (E,F) Dorsal views of (E) wild-type and (F) tct mutant embryos at 4 dpf. Small clusters of melanin, most likely melanophore carcasses, are apparent (black arrowhead). Starting around 72 hpf, melanophores begin to recover their normal morphology and pigmentation (e.g. white arrowhead indicates a nearly normal melanophore in a 4 dpf tct mutant embryo); however, their numbers do not recover substantially, remaining at about 50% of normal numbers [72 hpf (wt: 329^12, n ¼ 8; tct: 177^7, n ¼ 6; P , 10 227 ) and 96 hpf (wt: 340^12, n ¼ 8; tct: 171^8, n ¼ 8; P , 10 228 )]. (G,H) Lateral view of (G) wild-type and (H) homozygous tct b722 mutant fish at 6 months post fertilization. Mutants are noticeably small, and frequently trunks appear 'kinked' along the left-right axis (most easily seen from dorsal view, not shown). Insets: Close up views of dorsal trunk. Melanophores in this area, which are dependent on C-kit function (Johnson et al., 1995) , are present at normal density in tct mutants. Density of melanophores in trunk melanophore stripes appears normal. Scale bar: A,B: 161 mm; C-F: 100 mm; G,H: 29 mm.
expressed dct, but we did not detect melanophore precursors (i.e. dct-expressing, un-melanized cells). This result suggests that reduced numbers of melanophores in tct b722 mutants does not result from a failure of melanophore differentiation, but rather reflects death of melanophores or melanophore precursors.
Ednrb is essential for migration and differentiation of mammalian melanocytes (Lee et al., 2003; Shin et al., 1999 ). An ednrb homologue is expressed in embryonic melanophores in zebrafish (Parichy et al., 2000) . Mutants of this gene lack a subset of adult melanophores, although embryonic melanophores are normal, perhaps due to compensatory function of another Ednrb homologue (Parichy et al., 2000) . As melanophores differentiate poorly in tct b722 mutants, it was possible that Tct controlled expression of ednrb homologues. However, ednrb expression appears normal in tct b722 mutants (Fig. 2 ), suggesting that if Tct functions in a pathway with endothelin-type signaling, it does so downstream of ednrb expression.
Tct is required for melanophore survival
To test whether the loss of melanophores in tct mutants was from cell death, we processed embryos to reveal markers of cell death at 28, 36, and 42 hpf. We detected scattered cells positive for terminal transferase UTP nick end-labeling (TUNEL) at each stage in both wild-type and tct b722 mutant embryos. However, we did not detect this indication of cell death in melanophores in either wild-type or tct b722 mutant embryos ( Fig. 3 and not shown, n ¼ 10 embryos at each stage). We processed living embryos with the vital dye acridine orange (AO), which is excluded from living cells, but concentrated in the nucleus of dying cells (Abrams et al., 1993) . We occasionally detected acridine orange in nuclei of melanophores in tct b722 mutants, but not wild types, at 28 hpf and later stages ( Fig. 3 and not shown) , suggesting the loss of melanophores tct mutants is due to cell death. Finally, to assess the morphology of melanophores in tct mutants, we examined sections of embryos fixed at 28 hpf embryos by transmission electron microscopy. Wild-type melanophores were characterized by a high-density of highly pigmented melanosomes (Fig. 3) , while mutant melanophores had a much lower density of them, which explains their pale color. Of note, in mutant melanophores there was no compensatory excess of immature or partially pigmented melanosomes, which might be expected if Tct were required for a specific, late step in melanosome maturation. Finally, one melanophore (of five examined) appeared to be degenerating, as it was ) wild-type and (D) tct mutant embryos at 32 hpf, processed to reveal uptake of acridine orange. Melanophores with nuclear AO (arrowhead) were detected in mutant, but not wild-type embryos (five AO positive melanophores detected in 10 mutant embryos at 32 hpf). (E-G) 5000 £ magnification of melanophores in (E) wild-type and (F,G) tct mutant embryos. Embryos were cut in transverse section, and in each case the melanophore shown is between the skin and the neural tube, in the dorsal head, between the eye and ear. (E) In wild-type melanophores, the cytoplasm was filled with large, black melanosomes (arrowhead). (F,G) In tct mutant melanophores, the density of mature melanosomes was much lower, and immature, non-melanized melanosomes were not observed in large numbers. (G) A degenerating melanophore in a tct mutant, in which the cytoplasm contained large numbers of apparently empty vesicles (vacuoles)(arrowheads). However, the nucleus (n) of this and other melanophores in tct mutants appeared similar to those of wild-type melanophores (total of five melanophores each in wild-type and tct mutant embryos observed). n, melanophore nucleus. Scale bars: B (applies to A,B), 50 mm; D (applies to C,D), 50 mm; G (applies to E,F,G), 2 mm.
filled with vacuoles and its plasma membrane was discontinuous ( Fig. 3 and not shown) . However, the nucleus of this cell did not show electron dense condensations seen in cells undergoing apoptosis (e.g. see Bassett et al., 2003) . In summary, Tct promotes survival of melanophores, but it is unclear whether it does so by inhibiting apoptosis.
Tct function is required cell-autonomously for melanophore survival and differentiation
To determine whether wild-type Tct activity was required within melanophores, we performed blastula stage transplants. Wild-type cells transplanted into mutant hosts frequently yielded well-differentiated melanophores (Fig. 4) . By contrast, melanophores derived from cells transplanted from a tct b722 mutant donor into wild-type hosts were under-melanized and less dendritic than normal (Fig. 4) . Moreover, two labeled melanophores from mutant donors that were visible in wild-type hosts at 2 dpf had disappeared by 4 dpf, and a labeled melanophore carcass was visible in one of them (not shown). These results strongly suggest Tct promotes melanophore differentiation and survival in a cell-autonomous fashion.
It is of note that in labeled mutant melanophores, as in labeled wild-type melanophores, the dextran and melanin were coextensive (Fig. 4) . Because the distribution of melanin reflected the shape of the cell, this result shows that Tct function is required for normal morphogenesis of melanophores, and not just for transport of melanosomes to the cell surface.
2.5. There is no evidence for genetic interaction between Tct and C-kit C-kit is a growth factor receptor implicated in control of melanocyte proliferation, survival and differentiation in mammals (see Wehrle-Haller, 2003) . In zebrafish mutants of c-kit, melanophore precursors are reduced in number and migration, and differentiated melanophores die after 48 hpf (Parichy et al., 1999) . We tested the possibility that C-kit and Tct function in the same genetic pathway. First we examined expression of c-kit in tct b722 mutants. Expression was normal at 28 hpf, suggesting that Tct does not act upstream of c-kit expression (Fig. 2) . Next, we generated embryos heterozygous for both mutations, because two recessive mutations in genes that act in the same regulatory 
fluorescent, and (C) merged views of a wild-type melanophore derived from a cell transplanted into a tct mutant host. The melanophore is dendritic and normally pigmented, despite having developed in a tct mutant host (n ¼ 12 mutant host embryos in which wild-type melanophores were observed, two to greater than 12 labeled melanophores detected per host) (D) Bright field, (E) fluorescent, and (F) merged views of a melanophore derived from a cell transplanted from a tct mutant into a wild-type host (n ¼ 5 wild-type host embryos in which mutant melanophores were observed, one to greater than 10 labeled melanophores detected per host). The melanophore is pale and under-pigmented, despite having developed in a wild-type host. (G) Bright field, (H) fluorescent, and (I) merged views of a melanophore derived from a cell transplanted from a tct mutant into a tct mutant host. Note that the distribution of the rhodamine-dextran confirms that the cell has few dendrites, and thus that Tct controls morphogenesis of the cell, as opposed to solely melanosome transport. Scale bar: 50 mm. pathway can yield a phenotype when combined as heterozygotes (for instance, a synthetic phenotype in Bcl2/ Mitf transheterozygotes showed that these genes function together in melanocytes, McGill et al., 2002) . We crossed homozygous c-kit null mutants (c-kit b5 ) to heterozygous tct b722 mutant adults, and raised embryos until 5 dpf, when melanophores are virtually gone from c-kit mutants (Parichy et al., 1999) . Although half of the embryos in the resulting brood were presumably c-kit b5 ; tct b722 transheterozygotes, we detected only a single, wild-type-appearing phenotypic class. This suggests that if C-kit and Tct act in a single pathway, removal of one copy of each gene is insufficient to interfere with that pathway. Finally, we raised transheterozygotes to adulthood and crossed them, to test whether heterozygosity at one locus would enhance the homozygous null phenotype at the other. The resulting brood yielded the predicted ratio of single mutants and double mutants, which appeared to have an additive phenotype (not shown). These results, together with the observation that the c-kitdependent class of adult melanophores are present in tct b722 homozygous adults (Fig. 1) , argue against the possibility that C-kit and Tct functions are tightly linked.
tct b722 mutants do not swim normally in response to a gentle touch
Homozygous tct b722 mutants have a movement defect that is restricted to a brief period in early development. At about 24 hpf, wild-type embryos first respond to a gentle tap on the head or a trunk, usually with a single coiling of the body (Saint-Amant and Drapeau, 1998). tct b722 mutants respond normally at this stage. At 48 hpf, wild-type and tct b722 heterozygotes swim away in response to a single gentle tap to the head or trunk. By contrast, homozygous tct b722 mutants only infrequently respond to a single tap at this stage. Repeated taps eventually evoke a response, but it is a brief twitch, rather than a coordinated swimming motion. By 72 hpf, wild-type and homozygous tct b722 mutants respond equivalently to touch (Fig. 5) .
To test whether this movement defect resulted from a reduction of motor or sensory motor neurons we processed embryos with antibodies specific for these cell types. Znp1 immunoreactivity, which reveals axons of primary and secondary motoneurons (Beattie et al., 2000) , was normal in tct b722 mutants at 48 hpf (Fig. 6) . Similarly, anti-HNK1 immunoreactivity (zn12 antibody), which reveals axonal arbors of primary sensory neurons (Metcalfe et al., 1990; Reyes et al., 2004 ) also was equivalent in wild-type and tct b722 mutants (Fig. 6) . Somata of the dorsal root ganglion neurons, revealed by anti-Hu immunoreactivity (Marusich et al., 1994) , appeared normal in tct b722 embryos at 4 dpf (Fig. 6) , consistent with normal touch response at this stage. Thus, the movement defect cannot be explained by grossly abnormal motor or primary sensory neuron axons, although these cells may have undetected physiological defects.
tct b722 lies near the telomere of chromosome 18
Toward molecularly identifying the tct b722 gene, we conducted meiotic mapping by crossing tct b722 mutants, generated and maintained in the AB background, to the outbred mapping strain, WIK. Cosegregation analysis of the tct mutant phenotype with simple sequence length polymorphisms (SSLP or microsatellites, Shimoda et al., 1999) in pooled samples revealed that tct lies on chromosome 18, as previously shown (Rawls et al., 2003) . Our subsequent fine scale mapping revealed that tct is flanked by z63024 (3.0 cm on the MGH panel, http://zebrafish.mgh.harvard. edu/), and z8840 (5.8 cm), and is tightly linked to z53176 (3.2 cm) and z11685 (4.3 cm) (Fig. 7) .
Discussion
Tct regulates differentiation and survival of embryonic melanophores
In tct mutants, all embryonic melanophores differentiate abnormally, and their numbers are reduced to about half the normal number by 48 hpf, and at least some of this reduction is attributable to cell death. It is noteworthy that only a fraction of melanophores die, but all of them appear poorly differentiated. Clearly, a metabolic or structural deficit that leads to cell death in a fraction of melanophores could result in abnormal differentiation in all melanophores. However, it is also possible that melanophores are heterogeneous at this stage, and only a subset depend of Tct for survival, while all require Tct to regulate an aspect of differentiation, perhaps melanosome biogenesis.
Whether Tct promotes melanophore survival via inhibition of programmed cell death or through a metabolic or another cell maintenance function is unclear at this point. The process of programmed cell death during normal development has been best described in neurons, where it can occur via apoptosis, autophagy or necrosis (reviewed in Yuan et al., 2003) . These modes of programmed cell death include distinct subcellular events, and can only be definitively distinguished by ultrastructural histology (Schweichel and Merker, 1973) . Nuclear acridine orange and TUNEL are both histological assays for apoptosis, and both assays are only effective until such time as the dead cell is cleared from the embryo (Abrams et al., 1993; Kerr et al., 1972) . We did not detect TUNEL and only rarely detected acridine orange in melanophores at three stages examined. The appearance of empty spaces in the cytoplasm in the absence of clear nuclear condensation is consistent with type 3, or necrotic, mode of programmed cell death (Clarke, 1990) . Whether Tct promotes survival via inhibition of apoptosis or by other means will require molecular characterization of the tct locus.
Tct appears to be independent of steel/C-kit pathway
Signaling from the C-kit tyrosine kinase receptor is wellknown to regulate melanocyte survival (reviewed in Wehrle-Haller, 2003) , and was thus a natural pathway to investigate for interaction with tct. Two facts suggest that Tct does not act upstream of C-kit, which are that Fig. 6 . Paralysis in tct mutants is not readily explained by a reduction of motoneurons or sensory neurons. (A,B) Lateral views of the dorsal median fin fold of (A) wild-type and (B) tct mutant embryos at 48 hpf, when mutants are paralyzed, processed with zn12 antibody to reveal processes of Rohon-Beard sensory neurons. zn12 immunoreactivity appears qualitatively normal at this stage, suggesting there has not been a wholesale degeneration of Rohon-Beard processes. (C, D) Lateral trunk views of (C) wild-type and (D) tct mutant embryos at 48 hpf, processed with znp1 antibody to reveal axons of motoneurons (arrowhead). Znp1 expression appears grossly normal in mutants (arrowhead). (E,F) Lateral trunk views (E) wild-type and (F) tct mutant embryos at 4 dpf, processed to reveal anti-Hu immunoreactivity. Neurons of the dorsal root (black arrow heads) and enteric (white arrowheads) ganglia appear normal. All scale bars, 50 mm. Scale bar in (B) applies to (A) and (B), etc.
expression of c-kit expression is normal in tct mutants, and the melanophore migration defect of c-kit mutants is not seen in tct mutants. Moreover, several pieces of evidence support the model that Tct operates independently or in parallel to the C-kit pathway, and not downstream of it. First, in tct mutants, we detected melanophores with nuclear acridine orange as early as 28 hpf, while melanophore cell death is not evident in c-kit mutants until 48 hpf (Parichy et al., 1999) . This result suggests that in promotion of melanophore survival, Tct does not function downstream of C-kit at this stage, although it may do so after 48 hpf. A test of whether two genes act in a single pathway is to see whether removing a single copy of both genes (i.e. by creating a double heterozygote) results in a phenotype (see McGill et al., 2002) . However, embryos heterozygous for both tct b722 and c-kit, did not suffer melanophore death, even after 48 hpf. Finally, if Tct functioned downstream of C-kit, then C-kit dependent melanophores would also be Tct-dependent. Instead, a C-kit dependent population of melanophores in the dorsal trunk of adult zebrafish is present and appears normal in tct b722 mutant adults (Johnson et al., 1995) . While none of these results constitutes irrefutable evidence against an interaction between Tct and C-kit, we have thus far failed to detect any such interaction. Recent work shows that C-kit promotes melanophore survival via activation of the Ras/ MAPK pathway (Wehrle-Haller et al., 2001) . Once Tct has been molecularly identified it will be possible to assess whether Tct is regulated by this pathway. Earlier than 48 hpf, it remains possible that other C-kit homologues maintain survival of melanophores, and could act via Tct (Mellgren and Johnson, 2002) .
What other genes promote melanophore cell survival? In addition to Steel, the ligand for C-kit, other growth factors are implicated in survival of melanocyte, at least in culture, and may regulate Tct function. These include hepatocyte growth factor/scatter factor (Kos et al., 1999) , melanocyte stimulating hormone (MSH) (Kadekaro et al., 2003) , and insulin-like growth factor (Edmondson et al., 1999) . It is noteworthy that none of these growth factors has yet been shown to be essential for melanocyte survival in vivo. By contrast, mutational analysis has demonstrated that another growth factor, Endothelin-3 (ET-3), is required to achieve normal melanocyte numbers during embryogenesis. Disruption of genes encoding ET-3 or its receptor Ednrb causes piebaldism (areas of reduced melanocytes) in mice and humans Hosoda et al., 1994; Puffenberger et al., 1994; Reid et al., 1996) . However, recent experiments suggest that Endothelin-signaling regulates melanocyte migration and differentiation, but probably not survival (Lee et al., 2003; Shin et al., 1999) .
Known cell-autonomous regulators of melanophore survival include the transcription factor Mitf (McGill et al., 2002) , which can be directly activated by Sox10 (Elworthy et al., 2003; Watanabe et al., 2002) . In zebrafish mutants of either of these genes, expression of melanoblast marker dct is reduced from early stages (Kelsh and Eisen, 2000; Lister et al., 1999) , revealing that Tct acts downstream or at least later than them. Human melanocytes also express a large number of other apoptosis regulatory genes including Mcl-1, Bcl-X1 and Apaf-1 (Bowen et al., 2003) . Tct may interact with one or more of these genes. However, our failure to detect signs of apoptosis are consistent with the possibility that Tct is required to maintain the cellular homeostasis of melanophores, e.g. tct may encode an ion channel are required for cell survival (Nadler et al., 2001) . The genes that regulate survival of melanocytes, by whatever mechanism, are all of interest as potential targets for drugs combating malignant melanoma.
Touch insensitivity reveals Tct is required in other embryonic cell types besides melanophores
The timing of the paralysis phenotype appears to fit with a defect in primary sensory neurons (Rohon-Beard neurons, RBs), or some component of the relay circuit in which they participate. Thus, tct b722 mutants recover touch sensitivity at around 3 dpf, which corresponds to the time that neurons are first detectable in dorsal root ganglia . RBs are born at neural plate stage and are thought to mediate early touch response (Kimmel et al., 1991) . tct b722 mutants respond normally at 24 hpf, suggesting that RBs and their circuitry function normally at this stage. At 48 hpf, when mutant embryos are paralyzed, anti-HNK-1 in RB axons of the medial fin fold appeared grossly normal, suggesting that there had not been widespread degeneration of RB axons at this stage. However, it has been shown that RBs can be positive for TUNEL and maintain expression of nuclear and axonal proteins for hours (Reyes et al., 2004) , so it is unclear whether RBs are functional in tct mutants at this stage. Ribera and Nusslein-Volhard directly measured electrical activity within RBs in a number of mutants that displayed abnormal touch response, and found one, macho, in which action potentials were clearly reduced (Ribera and Nusslein-Volhard, 1998) . Of note, these workers detected normal activity in RBs in touchdown mutants, which have a phenotype similar to tct b722 and may be allelic to it (Ribera and Nusslein-Volhard, 1998) . Indeed, sensory function may be normal in tct b722 mutants, with the paralysis resulting from temporary defects in interneuron, motoneuron, or muscle function. The cellular pathogenesis underlying the touch-insensitivity of tct mutants may have to await molecular identification of this gene; however, it is of interest given that in many human syndromes, piebaldism is associated with grave neurological symptoms (reviewed in Nordlund et al., 1998) .
Materials and methods
Fish husbandry and mutagenesis screen
Adult fish of the AB and WIK strains were raised according to standard procedure (Westerfield, 1993) in the University of Oregon and University of Iowa Animal Care facilities. Embryos were staged according to Kimmel et al. (1995) .
For screening, adult AB male zebrafish were mutagenized with N-ethyl-N-nitrosourea (ENU) according to Solnica-Krezel et al. (1994) , and mated to AB females. Eggs were squeezed from surviving F1 females, and raised either as haploids or parthenogenetic diploids (Walker, 1999) . The tct phenotype was initially observed in a haploid clutch from the F1 founder. The founder was subsequently outcrossed and F2 carriers identified by sibling crosses.
A null allele of c-kit (c-kit b5 ) was used in all experiments.
Histology
Whole mount immunohistochemistry and RNA in situ hybridization were carried out as described previously (O'Brien et al., 2004) . Znp1 was used at a 1:500 dilution. TUNEL reactions were carried out exactly as described in Williams and Holder (2000) , except the incubation in working-strength terminal deoxynucelotidyl transferase enzyme was for just 1 h at 37 8C. For labeling embryos with the vital dye acridine orange (acridinium chloride hemi-(zinc chloride) (AO), Sigma, St Louis, MO) embryos were manually dechorionated and allowed to swim in 5 mg/ml AO diluted in fish water at RT for 20 min, then rinsed three times for 10 min in normal fish water. Embryos were observed on a Leica dissecting microscope fitted with fluorescent optics. All micrographs were taken on a Leica DMRA2 microscope using digital camera and Openlab software (Improvision Lexington, MA). Figures were assembled in Photoshop (Adobe, San Jose, CA).
For ultrastructure analysis of melanophores, 28 hpf embryos were fixed in 2.5% glutaraldehyde and embedded in Spurrs resin. Transverse sections near the ear were initially generated at 1 mm thickness. Sections containing melanophores were remounted and cut to 100 nm thickness for observation on an Hitachi H7000 electron microscope.
Transplants
To create labeled donor embryos, 2 -4 cell stage embryos derived from wild-type or tct b722 heterozygous parents were injected into the yolk with 5 -10 nl of 1 mg/ml rhodaminelabeled, lysine-fixable dextran (10,000 MW, molecular probes). At dome stage (4.3 hpf), 10 -50 cells from the animal pole of donor embryos were extracted with an oilfilled syringe and placed near the margin of unlabeled host embryos at the same stage. Donors were raised until at least 28 hpf to confirm their genotype. This procedure resulted in labeled clones being present in the neural tube in approximately 50% of surviving transplants. Of these, about 50% contained labeled melanophores, most commonly in the anterior trunk.
Mapping
Cosegregation analysis was carried out in AB:WIK hybrids using methods described in an on-line manual created by members of the laboratory of Leonard Zon (zon. tchlab.org/PositionalCloningGuide.doc). Sequence of primers for SSLP markers was obtained from http://zebrafish. mgh.harvard.edu/ (Shimoda et al., 1999) .
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